Abstract. Due to substantial morbidity and complications including nephropathy, a search for alternative treatment of diabetes mellitus is urgently required. The present study aimed to investigate the hypoglycemic and anti-diabetic nephropathy activities of polysaccharides separated from Auricularia auricular (AAP). Diet streptozotocin (STZ)-induced diabetic Sprague-Dawley rats were orally treated with metformin (100 mg/kg; positive control) and AAP (100 and 400 mg/kg) for four weeks, and parameters in the serum and liver associated with blood glucose, free radicals and nephropathy were determined. Similar to metformin, AAP treatment strongly reduced blood glucose levels by promoting glucose metabolism. The anti-oxidative activity of AAP, which was indicated by the modulation of superoxide dismutase, glutathione peroxidase, reactive oxygen species and methane dicarboxylic aldehyde levels in serum, was observed in diabetic rats. Furthermore, the regulatory effects of AAP on blood urea nitrogen, creatinine, uric protein and inflammatory-related factors revealed its protection against diabetic nephropathy. The present data suggests that AAP-mediated anti-diabetic and anti-nephritic effects are partially associated with their modulations on the anti-oxidative system and nuclear factor kappa B-related signaling pathway. In conclusion, AAP has potential to be a novel source of treatments for diabetes.
Introduction
Diabetes mellitus, a complex metabolic disease in lipids, carbohydrates and proteins, is known to be the third leading cause of mortality worldwide (1) . As reported, non-insulin-dependent diabetes mellitus is known as the most common form of diabetes type II diabetes (2) . According to statistics, there will be 8 billion individuals suffering from type II diabetes in 2025. Insulin secretion deficiency, increased levels of blood glucose, organ damage and nephropathy are various complications observed in most patients with diabetes (3, 4) . The most typical therapeutic regimen for diabetes can only regulate glycometabolism, insulin level and microcirculation (5) , and fails to control diabetic complications. However, traditional therapies, including insulin injection and oral anti-hyperglycemic agents, will cause some serious adverse effects (6) , such as hepatocellular-cholestatic liver injury, diarrhea, hypoglycemia, weight gain and even gastrointestinal disturbances (6) . Therefore, a search for alternative treatment is required.
Due to their pharmacological functions, polysaccharides separated from herbs attract much attention. Polysaccharide obtained from large yellow croaker swim bladder exhibits curative effects on nephritis via regulating nuclear factor kappa B (NF-κB)-associated signaling pathways (7) . Polysaccharide-enriched Cordyceps militaris extract displays significant hypoglycemic and anti-nephritic activities in established type II diabetic rats (8) . Auricularia auricular, one of the most important artificial cultivation mushrooms, is rich in hetero-polysaccharides. In various established in vitro systems, two types of sulfated polysaccharide obtained from Auricularia auricular show potential anti-oxidant activities (9) . Another study demonstrates that purified Auricularia auricular polysaccharide (AAP) shows a synergistic protective effect against radiation-induced injury associated with its antioxidant and immunomodulatory activities (10 In patients with diabetic, abnormal high glucose concentration leads to auto-oxidation and disequilibrium of the production and scavenging of free radicals (11, 12) . However, the oxidative system is considered to be a therapeutic target of nephritis (13) . As reported previously, due to the regulatory property on various genes of NF-κB, it serves an important role in apoptosis, inflammation and autoimmune diseases (14) . Activated NF-κB influences the expression of interleukin-2 (IL-2) and tumor necrosis factor-α (TNF-α) (15, 16) .
We therefore hypothesized that AAP may possess therapeutic effects on diabetes and diabetes-associated nephritis. In diet streptozotocin (STZ)-induced diabetic Sprague-Dawley rats, the anticipatory effects of AAP were successfully confirmed. In particular, it was assessed how oxidative factors and inflammatory mediators were affected during model establishment and drug administration.
Materials and methods
Preparation of AAP. Auricularia auricular powder (100 g; Jilin Agricultural University) was extracted twice in hot water at 90˚C for 3 h. The remaining protein in the water extract was removed using Sevag reagent (V (n -butanol): V (chloroform) = 1:4; 50 ml). The precipitation was collected and freeze-dried for further experiments by adding 4 folds of ethanol. The content of the total polysaccharide separated from Auricularia auricular was 93.9±1.82 mg/g.
Establishment of diabetic rat model and drug administration.
The experimental protocol was approved by the Laboratory Animal Centre of Jilin University (Changchun, China). Sprague-Dawley male rats weighing 120-140 g were housed in groups of two in clear plastic cages and maintained on a 12-h light/dark cycle (lights, 07:00-19:00 h) at 23±1˚C with water and food available ad libitum.
To establish diabetes, 48 male Sprague-Dawley rats (age, 4 weeks) were administrated a high-fat high sucrose diet (HFHSD) containing 68.8% standard chow, 20% sucrose, 10% lard, 0.2% cholesterol and 1% salt mixture. This was administered for 8 weeks followed by a 3-day intraperitoneal injection of 30 mg/kg streptozotocin (STZ; Sigma-Aldrich) (once daily) (17) . Then, 4 h after the STZ injection, rats were fed with 5% glucose solution to prevent hypoglycemia. Rats with fasting serum glucose levels ranging between 11 and 26 mmol/l were identified as the diabetic model (18) . The 48 diet-STZ-induced diabetic male rats were divided into four groups randomly, and received four weeks of drug administration, as follows: Diabetic model (DM; n=12) group, rats treated with normal saline orally; positive control (n=12) group, rats treated with 100 mg/kg metformin (DH; Beijing Jingfengzhiyao Co., Ltd., Beijing, China) orally; low dose AAP treatment group (n=12), rats treated with 100 mg/kg AAP orally; and high dose AAP treated group (n=12), rats treated with 400 mg/kg AAP orally.
An additional 12 male Sprague-Dawley rats were fed a normal diet for 8 weeks and administered 3-day citrate buffer injections, and these rats served as a control group (CT). They were then treated with normal saline orally for four weeks. After the last treatment, food and water intake in all rats were monitored for 24 h.
Oral glucose tolerance test (OGTT).
After four-weeks of treatment, an OGTT was performed. Briefly, after a 12-h fasting, rats received physiological saline, metformin (100 mg/kg) and AAP (100 and 400 mg/kg), respective to their groups. After 30 min, all rats were treated with 2 g/kg glucose orally. Blood samples were collected at 0, 30, 60 and 120 min, and the blood glucose levels were determined using a Glucose Assay kit (Nanjing Biotechnology Co., Ltd., Nanjing, China). The area under the blood glucose curve (AUC) was calculated according to the following equation: AUC = (basal glycaemia + glycaemia 0.5 h) x 0.25 + (glycaemia 0.5 h + glycaemia 1 h) x 0.25 + (glycaemia 1 h + glycaemia 2 h) x 0.5.
Sample collection and biochemical analysis. Before sacrifice, blood was sampled from each rat under anesthesia, and centrifuged at 3,000 x g for 10 min. The collected serum was frozen at -80˚C. Urine was also collected at 24 h. The levels of blood urea nitrogen (BUN; C013-2), uric acid (UA; C012-1), superoxide dismutase (SOD; A001-3), glutathione peroxidase (GSH-Px; A005), malondialdehvde (MDA; A003-1) and reactive oxygen species (ROS; E004) in serum, and protein concentration in urine were detected using commercial kits (Nanjing Biotechnology, Co., Ltd., Nanjing, China).
Serum levels of IL-2 (K00031), interferon-γ (IFN-γ; K00006), tumor necrosis factor-α (TNF-α; K00163) and NF-κB (YY43059) were detected using enzyme-linked immunosorbent assay kits (Calbiotech, Inc., El Cajon, CA. USA).
Statistical analysis. All values were expressed as the mean ± standard error. One-way analysis of variance was used to detect statistical significance followed by post-hoc multiple comparisons (Dunn's test). Analyses were performed using SPSS software, version 16.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Body weight monitoring. The growth of diet-STZ-induced diabetic rats was inhibited significantly compared with the CT group (P<0.01; Fig. 1 ). Four-week 400 mg/kg AAP treatment significantly restored the body weight of diabetic rats (P<0.05; Fig. 1 ).
Hypoglycemic effect of AAP in a rat diabetes model. The fasting blood glucose (FBG) and HbA1 levels in serum were measured to evaluate the hypoglycemic activity of AAP. DH and AAP administration significantly reduced the low level of HbA1 in diet-STZ-induced diabetic rats (P<0.05; Fig. 2A) . Particularly, 400 mg/kg AAP reduced HbA1 serum levels by 80.2% compared with the level in diabetic rats (P<0.01; Fig. 2A ). In addition, compared with the model group, DH (100 mg/kg) and AAP (100 and 400 mg/kg) treatment significantly reduced FGB levels by 58.1, 34.7 and 57.2%, respectively (P<0.05; Fig. 2B ).
OGTT was performed to avoid the false positive obtained from FBG. Between 0 and 120 min, significantly higher FBG levels were detected in diabetic rats compared with rats in the CT group (P<0.05; Fig. 3A ). In addition, DH and AAP significantly prevented increases in serum glucose (P<0.05; Fig. 3A) . The glucose response during OGTT was displayed via AUC calculation. A marked enhancement of AUC in the DM group was observed; in contrast, AAP treatment at doses of 100 and 400 mg/kg resulted in a 43.3 and 60.2% significant reduction in AUC (P<0.01; Fig. 3B ).
Anti-diabetic nephropathic effects of AAP in a rat diabetes model. In diet-STZ-induced diabetic rats, the level of blood urea nitrogen (BUN) and uric acid (UA) in serum, and protein concentration in urine, were significantly enhanced (P<0.05), which are considered as sensitive indexes in kidney injury (19) . Similar to in the DH group, AAP treatment markedly reduced the increased levels of serum BUN and UA to 36.2 and 36.7%, respectively ( Fig. 4A and B) . Interestingly, only 100 mg/kg AAP significantly reduced urine protein level by 25.7% in diet-STZ-induced diabetic rats compared with the DH group (P<0.05; Fig. 4C ).
Anti-oxidative effects of AAP in diet-STZ-induced diabetic rats.
As reported, oxidative stress is responsible for diabetes and its associated complications (20) . In diet-STZ-induced-diabetic rats, significantly decreased levels of SOD and GSH-Px, and significantly increased levels of MDA and ROS, were observed (P<0.05; Fig. 5 ). Compared with the DH group, AAP administration at a dose of 400 mg/kg resulted in a 20.8% enhancement of SOD activity and a 34.5% increment in GSH-Px level (P<0.01; Fig. 5A and B) . In addition, compared with the DH group, AAP treatment at a dose of 400 mg/kg significantly reduced MDA levels by 32.3% (P<0.05; Fig. 5C ) and ROS levels by 30.2% (P<0.01; Fig. 5D ) in serum.
Regulatory effects of AAP on serum inflammatory factors.
Compared with control rats, HFHSD and STZ injection significantly reduced serum levels of IFN-γ (47.4%; P<0.01) and significantly elevated serum levels of TNF-α (18.7%; P<0.05), IL-2 (36.7%; P<0.01) and NF-κB (36.7%; P<0.01) (Fig. 6) . The DH group demonstrated enhanced IFN-γ levels after four-weeks of treatment compared with the levels in the DM group (P<0.01; Fig. 6A ). Four-week AAP administration at a dose of 400 mg/kg resulted in a significantly 84.7% increase in IFN-γ levels (P<0.01), and a 19.7, 20.1 and 31.8% reduction in TNF-α, IL-2 and NF-κB levels in diabetic rats, respectively (Fig. 6B-D) .
Discussion
Due to various pathological changes, a number of complications, including retinopathy and nephropathy, occur in diabetic patients (21) . In the present study, the hypoglycemic and anti-diabetic nephropathic effects of AAP were confirmed in diet-STZ-induced diabetic rats.
HbA1 analysis reflects the chronic glycemic control in patients ranging between 8 and 12 weeks. The reduced serum HbA1 concentration and fasting blood glucose were confirmed by the hyperglycemic activity of AAP in type II diabetes.
Additionally, OGTT is considered as a second diagnostic indicia to avoid false-positive results obtained from FBG (22) , which was normalized via AAP administration compared with diabetic rats. However, four-week AAP treatment resulted Figure 2 . Diet STZ-induced diabetic rats were treated with 100 mg/kg met (DH) and AAP (100 and 400 mg/kg) for four weeks. The changes of (A) HbA1 and (B) fasting plasma glucose levels were determined. Data are expressed as the mean + standard error (n=12) and analyzed using a one-way analysis of variance followed by Dunn's test. in a reduction in serum BUN and UA, and urine protein levels, which serve as sensitive indexes for kidney injury (19) ; these results demonstrated the effect of renal protection of AAP in diabetic rats.
As previously reported, due to various pathological characteristics, ROS were accumulated in diabetic patients (11, 12) . The increased level of glucose leads to the auto-oxidative glycosylation of proteins (22) . A superabundance of oxygen free radicals causes oxidative stress and cell damage, which can be cleared by SOD and/or GSH-Px (23) . SOD and GSH-Px are considered to contribute towards protecting against cell oxidative damage via clearing increased levels of MDA and ROS. In diabetes mellitus, the deficiency of anti-oxidant activity of SOD and GSH-Px may be associated with higher Figure 4 . Diet STZ-induced diabetic rats were treated with 100 mg/kg met (DH) and AAP (100 and 400 mg/kg) for four weeks. Serum (A) BUN, (B) UA and (C) urine protein levels in all rats were detected. Data are expressed as the mean + standard error (n=12) and analyzed using a one-way followed by Dunn's test. # P<0.05 and ## P<0.01 vs. CT; * P<0.05 vs. DM rats. AAP, Auricularia auricular polysaccharide; BUN, blood urea nitrogen; CT, control group; DH, metformin group; DM, diabetic model group; HFHSD, high-fat high sucrose diet; Met, metformin; STZ, streptozotocin; UA, uric acid. Figure 3 . After four-weeks of AAP treatment, (A) blood glucose levels and (B) AUC of OGTT in experimental rats were detected. Data are expressed as the mean + standard error (n=12 
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concentrations of peroxide (24) . Antioxidants are the barriers against free radical attacks (25). Anti-oxidant compounds have already been confirmed to show significant properties in inhibiting pancreatic β-cell destruction caused by alloxan (26) . Furthermore, in circulation inflammatory cells and local resident cells, ROS contributes to tissue damage, which is associated with the inflammatory response (27) . In anti-glomerular basement membrane antibody nephritic rats, over-producing ROS was noted (27) . Directly, Cordyceps militaris extracts displays anti-diabetic, hypolipidemic, and even anti-nephritic effects via the modulation of oxidative resistance (13) . In combination with the results of the present study, the hypoglycemic and anti-diabetic nephropathic activities of AAP may be partially associated with the modulation of anti-oxidants and free radicals. Diet-STZ-induced rat models of hyperglycemia serve as stable type II diabetic models for pharmaceutical screening (28) . Diabetic nephropathy, a serious microvascular complication of diabetes (29), is successfully stimulated in the animal models established in the present study. The pathological lesions of the kidney are at least partially caused by STZ injection, which is responsible for oxidative stress inflammation (30) and renal injury (31) . As described previously, four-week AAP administration strongly suppressed the increased levels of BUN and UA in serum, and protein concentration in urine. In addition, the modulation activity of AAP on serum levels of IFN-γ, TNF-α, IL-2 and NF-κB was observed. These pro-inflammatory cytokines may recruit lymphocytes and natural killer cells to inflammatory sites, and may cause severe and constant glomerulonephritis deterioration (32) . It is reported in one study that the association between cytokine-producing frequencies in αβ and γδT cells are as follows: TNF-α >IFN-γ >IL-2 (33). The beneficial role of the inflammatory cytokine IFN-γ has been confirmed by previous studies (34) , and a lower IFN-γ secretion from T cells is found in patients with cystic fibrosis (35) . Additionally, IFN-γ and TNF-α are reported to show suppressive effects on white blood cell precursors (36) . IL-2, known as an important factor for the immune response, promotes the activation of B cell proliferation, which is regulated by NF-κB. NF-κB, an important factor for renal protection (32, 37, 38) , is activated by pro-inflammatory stimuli; consequently, pro-inflammatory cytokines are transcribed (39) . The results from the present study demonstrate that AAP-mediated renal protection in type II diabetic rats is mainly through its modulation on NF-κB.
In conclusion, in diet-STZ-induced diabetic rats, the anti-diabetic and anti-nephritic properties of AAP are successfully confirmed. Additionally, the data suggest that the effects are at least partially associated with their modulation on the anti-oxidative system and the NF-κB signaling pathway. AAP have great potential as a novel agent for diabetes and in treating complications of nephritis. P<0.01 vs. DM rats. AAP, Auricularia auricular polysaccharide; CT, control group; DH, metformin group; DM, diabetic model group; HFHSD, high-fat high sucrose diet; IFN-γ, interferon-γ; IL-2, interleukin-2; Met, metformin; NF-κB, nuclear factor-κB; STZ, streptozotocin; TNF-α; tumor necrosis factor-α.
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